Background: Ammonium transporter (AMT/MEP/Rh) superfamily members mediate ammonium uptake and retrieval. This pivotal transport system is conserved among all living organisms. For plants, nitrogen represents a macronutrient available in the soil as ammonium, nitrate, and organic nitrogen compounds. Plants living on extremely nutrient-poor soils have developed a number of adaptation mechanisms, including a carnivorous lifestyle. This study addresses the molecular nature, function, and regulation of prey-derived ammonium uptake in the Venus flytrap, Dionaea muscipula, one of the fastest active carnivores. Results: The Dionaea muscipula ammonium transporter DmAMT1 was localized in gland complexes where its expression was upregulated upon secretion. These clusters of cells decorating the inner trap surface are engaged in (1) secretion of an acidic digestive enzyme cocktail and (2) uptake of prey-derived nutrients. Voltage clamp of Xenopus oocytes expressing DmAMT1 and membrane potential recordings with DmAMT1-expressing Dionaea glands were used to monitor and compare electrophysiological properties of DmAMT1 in vitro and in planta. DmAMT1 exhibited the hallmark biophysical properties of a NH 4 + -selective channel. At depolarized membrane potentials (V m = 0), the K m (3.2 6 0.3 mM) indicated a low affinity of DmAMT1 for ammonium that increased systematically with negative going voltages. Upon hyperpolarization to, e.g., 2200 mV, a K m of 0.14 6 0.015 mM documents the voltage-dependent shift of DmAMT1 into a NH 4 + transport system of high affinity. Conclusions: We suggest that regulation of glandular DmAMT1 and membrane potential readjustments of the endocrine cells provide for effective adaptation to varying, preyderived ammonium sources.
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Introduction
Ammonium (NH 4 + ) transport is a key process in nitrogen metabolism, and ammonium transporters form a conserved family of proteins widely distributed over all domains of life. Among the species studied, ammonium transporters (AMTs) have been identified and functionally analyzed from man to microbe. Members of the human ammonium transporters Rhesus factor AMT/Rh family play a critical role in renal NH 4 + excretion and collecting duct ammonium transport [1] . In contrast, some chemoautotrophic bacteria are able to gain energy via ammonia oxidation. The genome of Nitrosomonas europaea as bacterial example contains a single gene (Rh1) that belongs to the AMT/Rh ammonium transporter family. When expressed in yeast (Saccharomyces cerevisiae) ammonium-transport-deficient mutants, the function of Rh1 as an ammonia (NH 3 ) transporter was suggested [2] . Ammonium transporters of Saccharomyces cerevisiae itself were found to be essential for fast growth at very low ammonia concentrations [3] . Within green algae such as Chlamydomonas reinhardtii and salt-resistant Dunaliella viridis, ammonium transporters represent important elements of the nitrogen nutrition system [4, 5] .
In many higher plants, ammonium is the preferred nitrogen source [6] . For its uptake, the genome of higher plants contains two families of ammonium transporters, AMT1 and AMT2 [7] [8] [9] . Both families show a high affinity for ammonium, and transport saturates rapidly at low millimolar concentrations [7, [10] [11] [12] [13] [14] [15] [16] . But, contrary to AMT1 transporters, those belonging to the AMT2 family are unable to transport the ammonium analog methylammonium (CH 3 NH 3 + ) and possess a smaller transport capacity [8, 17] .
Plant AMT1 transporters can apparently be divided into two subbranches [18] . One population is not affected by changes in the external proton concentration [13, 16, 19, 20] , and another is more active in acidic extracellular environments [9, 11, 14] . AMTs have thus been predicted to serve either as NH 4 + channels or as proton-coupled NH 3 transporters. Upon mutagenesis, the two major transport modes even seem to interconvert [9, 11, 14] . Ammonium as a cation can be taken up following the electrical gradient. Hence, upon addition of NH 4 + the cell membrane will depolarize. Ammonium transport was analyzed in planta via 13 NH 4 + flux analyses [21] and by electrophysiological approaches. Inward movement of positive charge carried by NH 4 + ions causes a drop in membrane potential [10] . In nutrient solution containing no nitrogen, the membrane potential of plant underground cell types such as the rice root was 2131 mV. Introduction of 100 mM NH 4 + to the bathing medium causes rapid depolarization to 289 mV [22] .
So far, ammonium currents causing membrane depolarization have not been measured in plant cells. Direct measurements of currents resulting from transmembrane NH 4 + fluxes, however, were accomplished by transfer of ''green'' AMT genes into expression systems, which are free of any plant ammonium transporter, such as Xenopus laevis oocytes. Using this system, with proper voltage clamp conditions allowed, AMT-mediated ammonium currents in the low submicroampere range were recorded [9, 13, 16, 19, 20, 23, 24] . Under double-electrode voltage clamp (DEVC) conditions, these NH 4 + stimulated inward currents with, e.g., PvAMT1;1 from common bean increased when the external pH was decreased from 7.0 *Correspondence: eneher@gwdg.de to 5.5 [11] . In contrast, NH 4 + currents with AtAMT1;1 from the model plant Arabidopsis thaliana were not found to be sensitive to extracellular pH changes [13] . This would assign PvAMT1;1 a H + -coupled NH 4 + transport mechanism and AtAMT1;1 a channel-like behavior.
AMTs are not restricted to roots but were also localized in above-ground plant tissue. In photosynthetic cells, for example, AMTs seem to be important for retrieval of NH 4 + liberated during photorespiration [8, 12, 15, 23] . Carnivorous plants adapted to nutrient-poor soils catch small animals to meet their macro-and micronutrient demand. When visiting the bilobed leaf structures of Dionaea muscipula traps, prey comes into contact with the touch sensors of the trap, triggering its closure within a fraction of a second. Each contact triggers an action potential (AP), and two subsequent APs activate the motor center to release the viscoelastic energy, which closes the snap trap. Attempting to escape, the entrapped animal consecutively touches the sensory organs and triggers synthesis of a touch hormone. As a result, the trap lobes seal hermetically to form a ''green stomach.'' With insect prey, densely packed gland complexes at the inner surface secrete an acidic hydrolase cocktail containing chitinases, proteases, nucleases, lipases, and phosphatases [25, 26] .
In this study on the Venus flytrap, we analyzed (1) ammonium production by the acid protease mixture of the ''green stomach,'' (2) NH 4 + uptake into the glands, and (3) the nature and characteristics of DmAMT1, the ammonium transporter involved. We showed that Dionaea muscipula induces expression of an electrogenic AMT moiety upon secretion and that DmAMT1 is localized in the glands that take up prey-derived NH 4 + .
Results

Prey Digestion Associated with Ammonium Production
Our previous studies have shown that Venus flytrap in the process of prey capture produces the oxilipine-type touch hormone 12-oxo-phytodienoic acid (OPDA) [25] . When OPDA derivatives in general and the hyperactive molecular mimic coronatine (COR) in particular are applied, glands present at the inner surface of Dionaea's trap lobes secrete an acidic as well as lytic enzyme cocktail. This exocytotic protein moiety contains more than 20 different hydrolases, including a set of diverse proteases. Thus, the question arises, what are the major products of prey digestion? When 5, 10, and 20 mg insect powder were incubated for 15 hr with 200 ml flytrap digestive fluid collected from COR-treated traps (pH 4.3), a parallel increase in NH 4 + was observed (Figure S1A available online). To get deeper insights in this issue, we incubated casein, a well-defined animal protein with secreted fluid. Digestion of casein also resulted in a linear increase of ammonium concentration ( Figure S1A ) and in production of a complex set of amino acids, which were not present in the secreted fluid. We found every component of the digested casein protein, but glutamine (GLN) was underrepresented ( Figure S1B ). While casein consists of 8.8% glutamine, after digestion only 0.3% 6 0.004% was detected. The fact that glutamine but not asparagine (ASN) (3.6% before and 3.8% 6 0.18% after digestion) was of low abundance in the casein-derived samples points to a glutamine deaminase activity associated with the Dionaea-secreted fluid. This enzymatic deaminase activity was corroborated by digestion of just glutamine in the secreted fluid, which also produced ammonium. In contrast, heat-inactivated enzyme containing fluid was not able to digest glutamine or to produce ammonium ( Figure S1C ). This indicates that inside the hermetically sealed acidic ''green stomach'' glutamine deamination and hydrolysis of natural N-rich components derived from prey give rise to NH 4 + production. Figure S1D ). Two APs within a short time lead to trap closure ( Figure S1E ), a phenomenon well known for this excitable, carnivorous plant [27] . Upon impalement of nonstimulated single gland cells with voltage-recording electrodes, resting potentials around 2116 mV were recorded ( Figure 1B , black line). With nonsecreting glands, the exposure to 100 mM NH 4 + almost did not affect the resting state of the endocrine cells. Increase of the ammonium level 10-or even 100-fold depolarized the cells only weakly (20 mV) . This situation changed fundamentally when glands were taken from traps in the process of digesting a prey that had been captured 1-2 days before or when secretion was induced by COR stimulation for 12 hr [25] . Challenge of such cells in the secreting state with pH 6 buffered perfusion with 0.1, 1, and 10 mM NH 4 + solutions resulted in a progressive depolarization (Figure 1B, red line). Compared to cells in the nonsecreting state, the prestimulus potential was about 2145 mV, and was thus 20 mV more hyperpolarized. With COR-activated gland cells, application of 0.1 mM NH 4 + was already followed by a 20 mV depolarization. Upon steps to 1 mM concentrations of the trigger cation, the membrane potential dropped to below 280 mV, while upshifts to 10 mM resulted in peak depolarization amplitudes of 100 mV or more. Such peak NH 4 + depolarizations to potentials positive to 260 mV triggered action potentials of the same endpoint depolarization as the mechanical-induced test AP at the beginning of the experiment, which under the given experimental surroundings was about 0 mV. After removal of the given NH 4 + stimulus, the resting state of secreting gland cells of 2140 mV was reached again (Figure 1B) . Similar experiments were performed with a series of six different extracellular NH 4 + levels, and depolarization amplitudes were plotted as a function of the ammonium dose. In order to determine whether this transport system is energized by the transmembrane proton gradient, we varied the external proton concentration over a broad range. These experiments revealed that the external pH itself has only little impact on resting membrane potential, indicating weak proton conductance of gland cell plasma membrane ( Figure S4B ). Addition of ammonium to stimulated and nonstimulated traps documented that the flytraps gland NH 4 + transporter is not affected by even up to 10.000-fold changes in proton-motive force ( Figure S4C ). This COR-inducible Dionaea ammonium transporter was thus classified as pH independent and of moderate high affinity for its cationic substrate NH 4 + .
Digestion
Activated Dionaea Glands Express DmAMT1
To identify the gene encoding the gland ammonium transporter characterized in intact traps, we searched a Dionaea muscipula expressed sequence tag (EST) collection (generated just recently by Schulze et al. [26] ) with nucleotide sequences of ammonium transporters previously identified in plants. Thereby, we identified a transcript homologous to type I ammonium transporters ( Figure S2A ; see [28] for a review). We were able to amplify and clone the full-length sequence, which we termed DmAMT1 in analogy to the first ammonium transporter identified in Arabidopsis thaliana AtAMT1;1. Based on an alignment with selected protein sequences of mammalian, plant, bacterial, and fungal ammonium transporters of the AMT/MEP/Rh family, we generated a phylogenetic tree ( Figure S2B ). Within this tree, DmAMT1 appeared to close the gap between plants and other members of this family in different other kingdoms. In Arabidopsis, six genes encoding AMTs have been identified and characterized so far [8, 15, 21] . While most of them are thought to be involved in ammonium uptake from the soil, DmAMT1 showed quite high transcript levels in traps and especially in gland tissue (Figures 2A and S2 ). On the other hand, DmAMT1 expression was rather low in gland-free green organs such as petioles and flowers. We therefore assume that DmAMT1 is required for the uptake of prey-derived NH 4 + via the glands of the ''green stomach.'' Interestingly, DmAMT1 expression could be further enhanced by COR stimulation. Coronatine binds the COI1 jasmonate receptor [29] , which in Dionaea is inducing pronounced and prolonged secretion [25] . In secreting traps and especially in gland cells-responsible for the release of digestive fluid but also for prey-derived nutrient uptakeDmAMT1 expression was induced nearly 4-fold ( Figure 2B ). Based on its gland-and secretion-related expression, we assume that DmAMT1 participates in the uptake of ammonium that is released from the digested prey.
DmAMT1 Carries Hallmark Characteristics of Gland Cell Ammonium Transporters
To compare the properties of DmAMT1 with the native NH 4 + -transport activity in gland cells, we injected DmAMT1 complementary RNA (cRNA) into Xenopus oocytes. In current-clamp measurements with the heterologous expression, system we could record NH 4 + -dependent changes in membrane + by Glands of Dionaea muscipula (A) Plants were fed with 20 mg insect powder that was dissolved in 100 ml solution containing 1mM 15 DmAMT1 Is a Gland Cell NH 4 + Uptake Channelpotential. While water-injected oocytes did not respond to challenges with 10 mM ammonium, DmAMT1-expressing ones depolarized by about 40 mV upon this kind of NH 4 + stimulation ( Figure 3A ). During withdrawal of NH 4 + , the membrane potential repolarized to the prestimulus level. To resolve ionic currents underlying the depolarization associated with ammonium influx, we exposed DmAMT1-expressing oocytes in the voltage-clamp mode to chloride-based salts with a variety of monovalent cations. When in the bath solution 10 mM K + was replaced by 10 mM NH 4 + , pronounced inward currents were elicited ( Figure 3B ). These ammonium currents were only detectable in DmAMT1-expressing oocytes ( Figures  S3A-S3D Figure 3D ). To further characterize selectivity, we investigated the membrane potentials of DmAMT1-expressing oocytes under different monovalent cation conditions (Figure 3C ). Relative to NMDG + , most of the tested ions evoked only small shifts in potential, indicating low permeability. Besides NH 4 + , only CH 3 NH 3 + specifically depolarized the cells showing a clear conductance of DmAMT1.
The Escherichia coli genome encodes a single ammonium transporter called AmtB. The atomic structure of AmtB, the first member of the Amt/MEP/Rh family to be characterized by crystallography, shows that these transporters form trimers. Each monomer supports a hydrophobic channel that appeared to conduct NH 3 rather than NH 4 + ions [30, 31] . In contrast, earlier reports demonstrated voltage-dependent uptake currents in plant and microbial AMTs [13, 16, 19, 20] . In agreement with these results, our findings on DmAMT1 support the view of an electrogenic NH 4 + transport. The DmAMT1 ammonium transporter homolog AMT1;1 from Arabidopsis thaliana requires distinct interactions between the trimer subunits for proper function [32] . A cytosolic C-terminal transactivation domain mediates this kind of allosteric regulation. Mutation of a conserved threonine T460 at a critical position of AtAMT1;1-4 in the hinge region of the C terminus leads to inactivation of the ammonium transporter [24, 33] . Since DmAMT1 and AtAMT1;1 share a homologous primary structure, we tested whether this threonine at position T464 in the Dionaea ammonium transporter is of crucial function as well. Replacement of threonine by alanine (T464A) or aspartate (T464D) rendered DmAMT1 NH 4 + transport inactive (Figure S4A) , indicating that C-terminal interaction between functional trimer subunits with the Dionaea class I plant AMT too is modulating the conductivity of the pore.
To compare the ammonium affinity of DmAMT1-expressing oocytes with that found in Dionaea glands, we clamped the plasma membrane of the frog cells at 2140 mV, the resting potential of stimulated, secreting gland cells (c.f. Figure 1B ) and increased the external NH 4 + concentration in a stepwise manner. Similar studies were performed at 270 mV, representing a depolarized gland cell. At a holding potential of 270 mV, inward currents were observed already in response to bath NH 4 + solutions containing levels as little as 30 mM of the cation ( Figure S3E ). Increase of the NH 4 + dose further enlarged the amplitude of the inward current. Plotting the inward current as a function of the external ammonium level, we could fit a Michaelis-Menten equation, revealing a K m 270 mV of 0.82 6 0.04 mM ( Figure 4B ). In similar experiments, clamping of the oocyte at the resting potential of activated gland cells, dose-response-curve analysis revealed a K m 2140 mV of 0.26 6 0.007 mM ( Figure 4A ). Through comparison of the ammonium uptake in DmAMT1-expressing oocytes (red line) with the dose-response curves from digesting Dionaea glands (black line), strong similarities could be observed with K m values in the same range ( Figure 4A ). The oocyte experiments show that the affinity of DmAMT1 to its cationic substrate is voltage dependent. To study this matter in more detail, we extended the K m /V analysis to a voltage window from 2200 to 0 mV, covering the physiological membrane potential range of Dionaea. This K m /V analysis, depicted in Figure 4B , supports the notion that the ammonium transporter affinity is a function of voltage. Plant ammonium transporters have been categorized by their apparent substrate dependency into high-and low-affinity types. The generally accepted threshold between high-and low-affinity AMTs is 1 mM [7, 12, 22, 34] . For this classification to be applied to our measurements, the membrane potential has to be considered. In the absence of an electrical driving force (0 mV and oocyte intracellular NH 4 + level being rather low), ammonium was just driven by its concentration gradient. For half-maximal transport activity, 3.2 6 0.28 mM cation was required at this potential ( Figure 4B ). When in addition to the chemical gradient of NH 4 + an electrical gradient was applied, the K m dropped to values in the submillimolar range. Upon hyperpolarization to 2180 mV, DmAMT1 was operating on the basis of a K m of 0.17 6 0.02 mM. Thus, in the physiological membrane potential range of Dionaea in general and that of activated Assuming (1) a single binding site for ammonium, as indicated by the Michaelis-Menten kinetics, and (2) a ammonium concentration at this point that is in electrochemical equilibrium with the bath medium, we calculated the binding site location as it was first described for blockage of sodium channels [35] . Using this procedure, we located the ammonium binding site of DmAMT1 at (d = 0.409 6 0.007) 41% within the membrane electrical field ( Figure 4B ). To test whether the proton-motive force drives this gland cell ammonium transporter, in addition to the electrochemical potential, we varied the pH between 8 and 4. Changes in the external proton concentration of up to 10.000-fold, however, affected neither the activity nor the voltage dependence of DmAMT1 expressed in Xenopus oocytes ( Figure S6D ). These results are reinforced by the pH independence of ammonium-induced depolarization in Dionaea gland cells ( Figure S6C ). While ammonium transporters studied in Xenopus oocyte expression system generally mediate inward NH 4 + currents in the submicroampere range [9, 19, 20, 23, 24] , with DmAMT1, currents of up to 4 mA could be recorded (Figures S3D and  S4E) . This fact and a near-Nernstian response in membrane potential upon a 10-fold change in bath NH 4 + concentration ( Figure 4C ) suggested that DmAMT1 might operate in the ion channel mode (see [36] for a review on ion channels in plants). Nernstian-type ion channel transport can be distinguished from a carrier-mediated one on the basis of their activation energy Q 10 . To obtain the Q 10 of DmAMT1 with oocytes exhibiting the Dionaea ammonium transport activity, we determined the temperature dependence between 10 C and 30 C of the NH 4 + current amplitude. Change of the temperature profile affected the DmAMT1-dependent NH 4 + currents only weakly ( Figures S4F and S4G) , and the Q 10 value of 1.26 6 0.09 derived from Arrhenius plotting classifies the gland cell ammonium transport activity as channel like [24, 34] .
Discussion
Dionaea Endocrinology
Carnivorous plants such as Dionaea muscipula are living on nitrogen-depleted soils and overcome nutrient limitations of their environment by catching and digesting nitrogen-rich animals. Early on, it was recognized that the trap lobes of the excitable plant Dionaea muscipula possess numerous digestive glands that comprise two apical layers of head cells responsible for secretion and nutrient uptake, followed by basal endodermoid cells that mediate exchange with the surrounding tissue [37, 38] . These glands do not secrete until stimulated by natural or artificial prey [27, 39] . This demonstrated that secretion depends upon exposure to elicitors and takes place during the predatory phase. This stage is also concomitant with expression of hydrolase-and demand-dependent nutrient transporter genes [37, 40] . With Dionaea glands, a wide range of low-molecular-weight nitrogen compounds was found to cause the secretion of both Cl 2 and acid proteolytic activity [38, 41] . Unlike the human endocrine system, glands in the ''green stomach'' of the Dionaea trap sense the chemistry of the prey, secrete a decomposing enzyme cocktail, and take up nitrogen-rich components. Thus, the flytrap operates like a mouth-stomach-intestine unit. The ammonium transporter DmAMT1 might well represent one of the dominant transporters required for the uptake of nitrogen in this fascinating organ.
Transcriptional Regulation of Plant AMTs
In noncarnivorous plants growing on a nitrogen-rich support, ammonium is taken up via the roots. A series of studies correlating transcripts or protein levels with ammonium influx or employing promoter-reporter gene analyses indicated that transcriptional control in response to the nutritional status is a major regulatory mechanism for the activity of AMTs in plants ( [15] ; see [18] for s review). In tomato roots, e.g., NH 4 + produced by N 2 -fixing bacteria is able to induce the expression of the respective ammonium transporter gene LeAMT1;2 [42] .
The ammonium transporter DmAMT1, which we identified in the flytrap, is expressed in glands covering the surface of the ''green stomach,'' and DmAMT1 transcription is associated with the prey recognition-digestion cycle. Prey-dependent DmAMT1 transcription could be mimicked by stimulation of Dionaea traps with the touch hormone mimicry COR, which initiates secretion [25] . With application of COR, a rise in DmAMT1 messenger RNA (mRNA) in gland cells was already observed 4 hr after stimulus onset ( Figure S2C ). In contrast to the situation known from most root-localized ammonium transporters in other noncarnivorous plants (see above), DmAMT1 is not transcriptionally induced by its substrate (Figure S2D) . While the latter is generated during ongoing prey protein decomposition by the secreted fluid, DmAMT1 expression is immediately triggered at secretion onset after prey capture or COR treatment. This is well in line with our finding that glands of the Venus flytrap do not depolarize notably in response to NH 4 + exposure until secretion is induced ( Figures  1B and 1C) , a finding in agreement with Darwin's 1875 observation concerning secretion elicitors [27] .
Interestingly, the ammonium transporter NaAMT1 in the pitcher plant Nepenthes alata has a similar localization (head cells of digestive glands in the lower part of the pitcher) and is induced after prey capture as well [43] . It is thus tempting to speculate that flesh-eating plants have not only adapted localization of their ammonium transporters but also their transcriptional regulation to suit the needs of their carnivorous life style.
While the transporter itself is not regulated by its substrate NH 4 + , stimulation of trap acidification was shown by Phil Rea [39] to strongly depend on prey or elicitor preincubation. This fact together with the prey/COR induction of DmAMT1 suggests that uptake of prey-derived NH 4 + might induce H + release, probably to keep the gland cell plasma membrane hyperpolarized [41] . The drop in pH to 3 or below activates a set of different hydrolases that digest the prey proteins. Among them-with ongoing protein degradation-a glutaminase would be able to generate a new GLN-derived NH 4 + pool in addition to ammonium provided by the insect haemolymph [44] . This enzymatic activity might also be postulated from the fact that the rate of glutamine degradation (96.6%) observed in the secreted fluid exceeds by far the rate of chemical deamination (instability) of glutamine. Even at pH 2, glutamine levels would not decrease by more than 30% over a period of 2 weeks [45] .
DmAMT1 NH 4 + Channel Function and Voltage Regulation Among the scientific community interested in ammonium transporters (AMT/MEP/Rh), a controversy exists regarding the actual transport mechanism represented by these proteins. Crystal-structure analysis and electrophysiological studies lead to contrary results concerning the modus operandi (channel or transporter), as well as the chemical form that is transported (NH 4 + or NH 3 ) [16, 20, 30, 31] . Our finding of a weak temperature dependence of the Venus flytrap ammonium transporter DmAMT1 is consistent with a diffusion-controlled transport process. Similar results were reported for AtAMT1;2 [24] . Thus, the low activation energy together with Nernst dependence of NH 4 + transport ( Figures  S4F, S4G , and 4C) indicate that the flytrap ammonium conductance in the glands could operate as an ion channel. In line with a channel-type mechanism, NH 4 + currents associated with DmAMT1 were found not to depend on the external pH ( Figures S4C and S4D ). This result supports NH 4 + as the transported species and renders NH 3 in symport with H + implausible. Moreover, with an equilibrium constant of pK a = 9.24, the charged NH 4 + ion is more abundant by orders of magnitude than the uncharged NH 3 at extracellular pH in plants and even more so at the extreme acidic conditions during prey digestion within the green stomach of the Venus flytrap. Increasing the electrical driving force for the cationic charge carrier, the NH 4 + transport increased in near-ohmic/Goldman-like manner. Describing the dose-response curve with MichaelisMenten kinetics ( Figure 4A ), one could estimate a K m value, under the assumption that the permeating cation binds en passant to a single binding site. Furthermore, binding to this site is assumed to be at equilibrium with the outside medium. Such analysis at different membrane potentials demonstrates an increasing substrate affinity for NH 4 + under hyperpolarized conditions. The dependence of K m on voltage could be well fitted by an exponential function over a 100 mV voltage range ( Figure 4B ). This voltage-dependent K m , together with the electrogenic transport, indicates that the molecular species most likely transported by DmAMT1 is NH 4 + and not the uncharged NH 3 . The interaction between the positively charged substrate and its channel increases with negative going membrane potentials, leading to an increased affinity (cf. [9, 11, 16, 19] ).
Conclusions
In this study on the Venus flytrap, we analyzed the molecular mechanisms of production and uptake of prey-derived nitrogen compounds. Upon recognition of prey and its capture, a hermetically sealed acidic ''green stomach'' is formed and protein-rich tissue is broken down into peptides and amino acids. Deamination of glutamine produces NH 4 + . Ammonium ions represent the substrates of DmAMT1, channeling nitrogen-based cations into the gland cells. The biophysical properties of DmAMT1 and its transcriptional activation in secreting gland cells are well suited to fit ammonium acquisition of the ''green stomach.'' Regulation of DmAMT1 density and NH 4 + affinity by touch hormones and elicitors, as well as readjustments of membrane potential, provides for effective adaptation to varying, prey-derived ammonium sources.
Experimental Procedures
Cloning of DmAMT1 Inspection of the available EST data from Dionaea muscipula [26] revealed the existence of an ammonium transporter homolog. PolyA-mRNA was isolated from 10 mg total RNA using Dynabeads (Invitrogen) according to the manufacturer's instructions. Using the SMARTer RACE kit (Takara Bio Europe/Clontech), a cDNA was generated from Dionaea muscipula wholeplant mRNA. The cDNA of DmAMT1 was amplified using gene-specific oligonucleotide primers directed toward the 5 0 and 3 0 region of DmAMT1 (GenBank accession number KC513764) and Advantage cDNA polymerase mix (Clontech), revealing a sequence identical to that expected from the EST data. The full-length clone was inserted into pJET1.2/blunt using the Clone-JET PCR Cloning Kit (Fermentas). For heterologous expression in Xenopus oocytes, the generated cDNA of DmAMT1 was cloned into oocyte expression vectors (based on pGEM vectors) by an advanced uracil-excisionbased cloning technique described by Nour-Eldin et al. [46] . Site-directed mutations were introduced with the QuikChange Site-Directed Mutagenesis Kit according to the manufacturer's instructions (Stratagene). For functional analysis, cRNA was prepared using the mMessage mMachine T7 Transcription Kit (Ambion). Oocyte preparation and cRNA injection have been described elsewhere [47] . For oocyte electrophysiological experiments, 10 ng DmAMT1 cRNA was injected.
Plant Material and Tissue Sampling
Dionaea muscipula plants were purchased from CRESCO Carnivora and grown in plastic pots at 22 C in a 16:8 hr light:dark photoperiod. The material for the expression analyses was harvested as follows: traps, petioles, and flowers were immediately frozen in liquid nitrogen. Additionally, secretory cells were isolated from the inner trap surface by gentle abrasion of the gland complexes with a razor blade. For induction of secretion, 100 mM coronatine solution (Sigma-Aldrich) was directly applied to the traps, and traps or glands were harvested after 24 hr.
Expression Analyses
RNA was separately isolated from each sample and transcribed into cDNA using M-MLV reverse transcriptase (Promega). Quantification of the actin transcript DmACT (GenBank accession number KC285589) and DmAMT1 transcripts were performed by real-time PCR as described elsewhere [48] . DmAMT1 transcripts were normalized to 10,000 molecules of DmACT. The following primers were used: DmAMT1LCfw, 5 0 -TTGCTACCAAGAAA CAC-3 0 ; DmAMT1LCrev, 5 0 -TGAGTTGATGTAAGGAG-3 0 ; DmACTLCfw, 5 0 -TCTTTGATTGGGATGGAAGC-3 0 ; and DmACTLCrev, 5 0 -GCAATGCCAGG GAACATAGT-3 0 .
Protein Digestion
To study the digestion products of insect prey, we produced insect powder from caterpillars of Creatonotos transiens (Lep.: Erebidae: Arctiinae) raised on artificial diet according to Bergomaz & Boppré [49] . In addition to the food, larvae were given access to glass fiber disks (Whatman GF/B25) impregnated with monocrotaline (Forstzoologisches Institut) as feeding stimulant. After 2 weeks of development, insects were dried, pulverized, and pooled to obtain homogenous insect powder used in the present study. Digestion was started by addition of 200 ml secretion fluid (pH 4.3), collected from Dionaea muscipula, to 5 mg, 10 mg, and 20 mg insect powder each. Samples were shaken for 15 hr at room temperature. Subsequently, samples were centrifuged, and 50 ml supernatant was used for amino acid analysis. In the same way, we analyzed digestion products of 5 mg, 10 mg, and 20 mg caseine (Sigma-Aldrich). Amino acids were extracted from supernatants with chloroform/methanol, as described elsewhere [50] . Freeze-dried extracts were resuspended in 1 ml of 0.02 M HCl prior to derivatization. For
DmAMT1 Is a Gland Cell NH 4 + Uptake Channelderivatization, 5 ml resuspended extracts was mixed with 35 ml AccQ-Tag Ultra Borate buffer and 10 ml AccQ-Tag Reagent (Waters). For analysis of the compositions and concentrations of amino compounds, a Waters Acquity UPLC-System using an AccQ-Tag Ultra column (2.1 3 100 mm; Waters) was employed, as described by Luo et al. [50] .
Ammonium Uptake
For study of NH 4 + uptake by traps, 20 mg insect powder was dispensed in a solution containing 1 mM 15 
NH 4
+ (99 atom% 15N, Sigma-Aldrich), which was applied to traps. As a control, some plants were fed with a solution lacking 15 NH 4 + . Uptake was stopped 3 hr after feeding. The traps were carefully and repeatedly rinsed and were then dried and pulverized. Between 1 and 2 mg dried material was weighed into tin capsules for elemental and isotope analysis. Samples were combusted in an elemental analyzer (NA 2500; CE Instruments) for C/N analysis, coupled to an Isotope Ratio Mass Spectrometer (Delta Plus/Delta Plus Plus XL; Finnigan MAT) by a Conflo II/III interface (Thermo-Finnigan). We used glutamate with known 15 N/ 14 N isotope ratio (Sigma-Aldrich) as laboratory standard.
Intracellular Measurements
Prior to measurements, the lobe of a cut trap was glued to a chamber bottom and left for recovery (30 min) in a standard solution containing 0.1 mM KCl, 10 mM CaCl 2 , and 5 mM MES adjusted with Tris to pH 6. In the course of experiments, leaves were constantly perfused with the standard solution (1 ml/min).
For impalements, microelectrodes from borosilicate glass capillaries with filament (Hilgenberg,) were pulled on a horizontal laser puller (P2000, Sutter Instruments). They were filled with 300 mM KCl and connected via an Ag/ AgCl half cell to a headstage (1 GU, HS-2A, Axon Instruments). A tip resistance was about 30 MU, while the input resistance of the headstage was 10 13 U. The reference electrode was filled with 300 mM KCl as well. An IPA-2 amplifier (Applicable Electronics) was used. The cells were impaled by an electronic micromanipulator (NC-30, Kleindiek Nanotechnik).
Oocyte Recordings
In DEVC studies, oocytes were perfused with Tris/Mes-based buffers. The standard bath solution contained 10 mM Tris/Mes (pH 5.6), 1 mM CaCl 2 , 1 mM MgCl 2 , and 1 mM LaCl 3 . The osmolality of each solution was adjusted to 220 mosmol/kg using D-sorbitol. To balance ionic strength for measurements with varying ammonium concentrations, we compensated with potassium to 10 mM. Solutions for selectivity measurements were composed of standard bath solution supplemented with 10 mM NMDG + (N-methyl-dglucamine), Li + , Na + , K + , RB + , Cs + ,CH 3 NH 3 + , or NH 4 + chloride salts. For temperature experiments, the bath solution passed through a heat exchanger in contact with Peltier elements on which the recording chamber was mounted. The temperature was measured with a small thermistor close to the oocyte. Data were analyzed using Igor Pro and Origin Pro 9.0G.
Accession Numbers
The GenBank accession number for DmAMT1 is KC513764.
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